Abstract-Our understanding of warm dense matter (WDM) properties will help to unravel the formation and evolution of giant planet, including gaseous giants or mega-Earths. However, the production of WDM in the laboratory is limited to samples on the order of tens of micrometers. This raises many challenges to measure the properties of WDM using standard diagnostics. In this paper, we propose a new method to produce WDM samples using pulsed-power machines. We numerically demonstrate that the early expansion phase of the sample, usually encountered in pulsed-power systems, can be virtually eliminated using a current switching scheme. To avoid mixing the plasma and WDM states, the present strategy uses a gas-puff Z-pinch as a closing plasma switch. During the first part of the discharge, most of the current flows inside a gas-puff Z-pinch, preventing the heating of the sample. During this phase, the gas Z-pinch radially converges toward the sample. When the Z-pinch finally reaches the sample, all the Z-pinch current switches to the sample and rapidly heats it. The strong azimuthal field generated by the Z-pinch prevents the expansion of the sample. If the initial gas pressure is carefully chosen, the sample reaches a quasi-homogeneous WDM state. The efficiency of the method allows one to produce millimetersize WDM samples with a 500-kA pulser.
found in this state. Yet, we know little about the physical properties of WDM. Such state is characterized by particle densities on the order of 0.1-10 times solid density and electron temperatures between 0.1 and 100 eV. WDM is produced routinely in the laboratory using high energy density drivers such as pulsed terawatt lasers or pulsed-power generators. However, most experiments are aiming at higher energy density states, rather than WDM itself. In general, WDM samples are very small, on the order of tens of micrometers. Therefore, they are quite difficult to diagnose. Modeling WDM is also challenging. While the plasma state is captured rather well by Vlasov's equation and its by-products [i.e., particle-in-cell and magnetohydrodynamics (MHD) theories], such models do not apply to WDM due to strong Coulomb coupling. Condensed matter theories do not properly model the finite temperature of electrons. WDM is in a state where quantum mechanical effects (short range) as well as electromagnetic effects (long range) simultaneously play an important role. Today, there are no existing theories that adequately account for WDM properties. Yet, they impact the equation of state, the opacity, the viscosity, the electrical resistivity, and the heat diffusion of matter under extreme conditions.
Early research focused mostly on reflectivity [13] [14] [15] and conductivity of WDM [16] , [17] . It has now been expanded to a much more complete exploration of physical properties using X-ray Thomson scattering [18] . Early methods produced WDM samples using thin wires heated by pulsed-power machines. To avoid plasma expansion, water [19] , [20] was used as a high density confining medium. Closed-vessel plasmas [17] have also been used. More recent experiments generated WDM samples from proton beams produced by a high power picosecond laser [21] or a coherent light source [22] , surpassing in the temperatures and pressures of WDM states produced by earlier experiments on pulsed-power generators. Pulsed-power machines have a much slower current rise time (∼0.1 μs) allowing matter to expand, mixing both WDM and plasma states [23] , before the magnetic pressure can confine the plasma. Yet, these generators can produce much larger sample sizes due to much larger power coupling efficiency. This paper proposes an alternate method to produce WDM using pulsed-power generators. The idea is to use fast magnetic compression to obtain a homogeneous large (∼1 mm) WDM samples using a plasma closing switch. The switch circumvents the slow current rise time of the generator. This paper presents a method that allows compression to occur in tens of nanoseconds, rather than hundreds of nanoseconds, avoiding the detrimental expansion phase of the sample where 0093-3813 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Schematic of the experimental setup of the gas Z -pinch closing switch together with the WDM-to-be sample. The current is split between the imploding gas shell (orange) and the sample (red). The anode (A) and cathode (K) are shown in blue. The gas Z -pinch implodes with a velocity V onto the central sample.
WDM and plasma states mix. After this introduction, this paper discusses the principles behind the plasma closing switch. MHD simulations demonstrate how the closing switch works and how magnetic compression propels the sample into the WDM regime.
II. GAS Z -PINCH CLOSING SWITCH
Exploding wire arrays have been successfully used in the past to switch current rapidly into a variety of loads [24] . In this setup, an inverse exploding array is used as a plasma opening switch. The actual load is in parallel to this array, generally sitting above it. The initial inductance of the exploding array has to be lower than the inductance of the actual load. During the current rise, most of the current flows inside the exploding array due to its low inductance. As the array expands, the inductance becomes larger than the load inductance and the current switches to the load in tens of nanoseconds. While this setup works very well on Marx bank pulsed-power generators, it is rather inductive and may not function properly when coupled to an LTD. Furthermore, the matter produced by the exploding wire array could contaminate the WDM sample [25] placed in the load region. One possible solution to remedy this problem is to combine the switch and the load in the same region, turning the setup into a coaxial geometry. This configuration has a lower inductance compared with the exploding wire array arrangement.
The gas-puff closing switch principle is presented in Fig. 1 . A puffed gas cloud is injected using a supersonic nozzle around the load region holding an aluminum rod, the WDM-to-be sample (red in Fig. 1 ). The rod holder is made of conical electrodes with an interelectrode distance on the order of 1 mm. The load region is similar to that of a hybrid X-pinch [26] but for hollow electrodes that allow for end-on diagnostics. A gas puff is preferred to a gas cell design allowing better diagnostics access. Just before the current flows, the gas is preionized and becomes a plasma (orange in Fig. 1 ). When the current starts rising, it takes the path of least impedance and flows inside a thin shell (current labeled I 1 in Fig. 1 ). It precludes almost completely any current to flow in the central rod (current labeled I 2 in Fig. 1 ), i.e., I 2 I 1 . This geometry is that of a gas-puff Z -pinch with a rod of axis. Once the shell has reached the central rod, the magnetic field pressure starts to compress it. The mass density of the initial gas cloud can be tailored, so that the compression of the rod happens at a given time during the discharge. Once the shell has fully imploded, we are presented with two cases. In the first case, the shell pressure is larger than the magnetic pressure and the shell bounces outward. In the second case, the magnetic field pressure is larger than the shell pressure and compresses the rod. In this case, the current stays in the shell or switch to the rod. Experiments using a Ne-on-Ar gas-puff Z -pinch [27] showed that the pinch column is much tighter when an aluminum wire is placed on axis (see [27, Fig. 21 ]) compared with the case without wire [27, Fig. 13 ]. While we did not have any current measurements, it is clear that the wire on axis did impact the radius of the imploded pinch. This difference in plasma dynamics can be attributed to the cold plasma from the wire cooling the gas-puff Z -pinch. However, the main conclusion is that the current channel is much tighter and the magnetic field surrounding the axis much larger with the wire on axis.
This is an ideal situation to produce WDM. First, the magnetic compression brings the rod to density higher than the solid densities. Second, ohmic heating heats the rod to temperatures above 0.1 eV. The combination of both effects will push the rod into a WDM state. However, this scheme allows the current to rise inside the rod in tens of nanoseconds, rather than hundreds of nanoseconds. During this time, the heating rate of the rod is controlled by the current density J , and its expansion is limited by magnetic pressure. The initial linear mass density of the gas puff controls when the current switches to the rod. For low mass densities, the shell will reach the axis early in the discharge and the heating of the rod will happen as if the gas was not present. For medium mass densities, the shell will implode at maximum current. The heating of the rod will be faster than in the previous case with larger magnetic pressures. For high mass densities, the implosion can happen well after peak current. As a result, the magnetic compression and heating can be done independently of the current rise of the generator. In the following section, we present the numerical simulations demonstrating how an LTD can generate WDM samples. We focus on one particular case rather than systematically exploring all the possible cases for a given current waveform.
III. NUMERICAL SIMULATIONS
The numerical simulations use the two-fluid PERSEUS code [28] . This code solves the two-fluid model in the generalized Ohm's law (GOL) formulation. The additional physics from the GOL goes beyond the standard MHD by including the electron inertia, electron pressure, and Hall terms. This model is more accurate than the standard MHD model.
The electron inertia and Hall physics allow for a consistent treatment of the low density (or vacuum) region and does not require a nonphysical vacuum resistivity. The fully electromagnetic implementation of Maxwell's equations and the Hall term allow for a consistent calculation of the electric field components and the application of general boundary conditions. Since the equations are solved in conservation form using a shock capturing scheme, the algorithm is particularly suitable for use in our studies of WDM. The equations are discretized using a finite volume approach based on the freezing speed method that essentially uses modified eigenvalues of the flux Jacobian to eliminate the need for a Riemann solver. The method is approximately second order accurate in space through the use of a flux-limited implicit-explicit monotone upwind scheme for conservation law scheme [29] . Due to the implicit time stepping of electron physics, the code runs virtually as quickly as single-fluid MHD codes.
The simulations presented herein used cylindrical coordinates. The domain is 2.5 mm across and 3.75-mm high. The grid is 192 × 288 with a physical cell size of 13 μm. The conical electrodes and the central rod are at solid density (6 × 10 28 m −3 ). The rod is 1-mm high and 0.5 mm in diameter. Plasma motion (i.e., flows and electrical currents) is disabled several grid cells into the electrode material to model copper-tungsten electrodes. The preionized gas puff is modeled as a plasma with a density of 1.5 × 10 24 m −3 and a temperature of 0.1 eV. In the whole simulation, there is only one plasma species. To keep the simulation as realistic as possible, we opted for an Al plasma with ionization number 3. As a result, the gas puff as the atomic and mass numbers of Al, which would correspond to a Ne gas puff rather than H in an experiment. The time evolution of the current rise in the LTD [30] is given as
In (1), I peak is the peak current of the LTD (500 kA), t r is the current rise time (50 ns), and t d is the damping time (6t r ) of the LTD current. The resistivity is a simplified version of the Lee-More-Desjarlais resistivity [31] , modeling more accurately the properties of both plasma and solid states compared with the pure Spitzer resistivity. Fig. 2 shows the time evolution of the plasma current density J , the ion number density n i , the magnetic field B, and the electron temperature T e , all on the logarithmic scale. Fig. 2-a through Fig.2 -e span the 100 ns of the current rise to 500 kA and fall back to 0, each panel separated by 25 ns. Fig. 3 shows the same time evolution when no gas is present up to the maximum compression of the sample. At the very beginning of the plasma discharge (t = 2 ns), the current density plot of Fig. 2(a) shows that most of the current flows inside a cylindrical shell. In the case with no gas prefill, all the discharge current runs inside the rod, as shown in Fig. 3(a) . Fig. 2(b) shows the plasma properties 25 ns after the current starts to flow. The gas shell has started to move radially inward [ion density plot of Fig. 2(b) ]. The current density inside the rod has increased compared to the value at the beginning of the discharge and it carries a total current of 40 kA and the plasma shell carries the remainder of the discharge current (∼280 kA). In fact, the temperature plot of Fig. 2(b) shows no visible increase in the temperature of the rod. Very little ablated plasma is visible at the rod periphery. At this time, the case with no gas fill shows a radically different picture [see the current density plot of Fig. 3(b) ]. The full discharge current of 320 kA flows through the rod, which started to ablate. As the time goes on, plasma ablation streams can be observed radially, indicating that the rod is also expanding outward.
After 50 ns, the gas shell is converging onto the rod, as the density plot of Fig. 2(c) shows. The current inside the rod is at 90 kA, while the total discharge current is 420 kA. This is the peak current. The maximum current is below 500 kA due to the damping factor included in (1). Here, again there is very little ablated plasma surrounding the rod, indicating that the power deposition is not sufficient to trigger noticeable rod expansion. Fig. 4 shows more precisely how a large portion of the discharge current switches from the shell to the rod. In 10 ns, virtually all the current now flows inside the radius r = 275 μm, which is on the order of the rod radius. Without gas fill, the rod has already started to implode. As Fig. 3(c) shows, there are variations in the rod radius along its length indicating the strong plasma instabilities. A large amount of ablated plasma has filled up the vacuum region surrounding the rod. The plasma above and below the rod, inside the hollow electrodes, is abundant. Fig. 3(c) shows the formation of a high density plasma (n i ∼ 10 29 m −3 ) above and below the sample. Fig. 3(c) also gives a temperature on the order of 0.1 eV. This region is clearly in the WDM regime. However, it is surrounded by a large volume of hot (non-WDM) plasma. A nonideal situation for line integrated diagnostics. The sample does not appear to be homogeneous.
The time required by the plasma shell to reach the rod has caused some delay compared to the case with no gas prefill. Therefore, the compression starts to be visible only 75 ns into the shot. The advantage of this technique is clearly highlighted by the fact that the inward motion is more homogeneous than in the case with no prefill. If we compare Fig. 2(d) with Fig.  3(c) , we clearly observe the benefits of the current switching scheme. By limiting the amount of plasma ablation at early times, the current is now forced to follow a quasi-cylindrical path inside the rod. In the case with no prefill, the path of the current is more erratic due to the presence of ablated plasma. Fig. 2(e) corresponds to the end of the discharge for the case with gas prefill. The rod has fully imploded. The plasma on axis has a density above 10 29 ions per cubic meter and an electron temperature on the order of 1 eV. This plasma has a diameter of 100 μm and a height of 1 mm. At this point, we have reached the end of the first current hump. The LTD circuit will swing the current in the opposite direction. We did not run the simulation pass this point.
According to the numerical simulations, WDM samples with ion densities well above 10 29 m −3 and temperature on the order of 1 eV can be reached inside the Al rod. The key aspect of this technique is reduction (or even absence) of material expansion, limiting the creation of a mixed plasma-WDM state inside the rod. We can use the Coulomb coupling e and the electron degeneracy given by to assess the properties of the WDM sample. According to our simulations, we obtain e on the order of 1 and a on the order of 8. These values show that the sample is inside the WDM regime. However, PERSEUS does not model the atomic processes occurring in WDM and cannot account for the phase transitions taking place. Furthermore, this simulation is 2-D de facto suppressing major MHD instabilities. However, this simulation demonstrates the ability to switch current rapidly. Fig. 5 plots the time evolution of the total discharge current computed by integrating the current density across the whole domain at the geometrical midplane. It concurrently plots the current flowing inside the radius r = 275 μm, also computed by integrating the current density. For the first part of the discharge, the current inside the rod is below 50 kA (10% of the total discharge current). When the plasma shell reaches the rod, 53 ns into the shot, the current rises by 300 kA in 10 ns.
IV. CONCLUSION
We have shown in this paper that it is possible to dramatically decrease the switching time of electrical currents using a closing plasma switch. This technique is applied to the production of WDM using an LTD. The strategy presented herein has two advantages. First, it reduces the amount of heat deposited inside the material at the beginning of the discharge. When the current rise inside the load is slow, early currents are large enough to heat up materials but the magnetic field they create is too weak to preclude plasma expansion. Furthermore, the presence of ablated plasma becomes a parasitic current path that diverts a large fraction of the total current, further deteriorating the magnetic confinement by keeping the magnetic field away from the load. The fast switching scheme limits the amount of current initially flowing inside the rod, virtually suppressing plasma ablation, due to the shielding of a highly conductive plasma shell. This shell carries most of the discharge current until it reaches the load. The second advantage of this scheme is the speed at which the current switches to the load. This happens in tens of nanoseconds. The third advantage is the compression ramp on the load which starts at much larger magnetic fields. Overall, the fast switching scheme shows that WDM states can be reached using a pulsed-power device while avoiding the detrimental mixing of the plasma and WDM phases. While the numerical simulations presented herein ignore 3-D MHD instabilities and cannot capture WDM phase transitions, it shows great promises in using pulsed-power generators to generate WDM.
